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1  Introduction   

A combined heat and power (CH P) plant is a facility for the simultaneous production of thermal and 

electrical resp. mechanical energy in one process. As compared to power plants, the overall process 

efficiency is higher as t he otherwise rejected heat is also transferred to consumers . 

Biomass CHPs are operated with different kinds of solid - , gaseous -  as well as liquid fuels or residues . 

There are various processes for the production of power and heat from biomass , and some 1,0 00 

facilities were operational in EU28 in 2016 [128] . Most commonly they are based on either biomass 

combustion  or  anaerobic digestion.  

The principal paths of biomass feedstocks to heat and power are shown in  Figure 1 [130] . 

 

 

Figure 1 :  principal paths of biomass feedstocks to CHP  [130]  

Solid fue ls are wood resp. lignocell ulose materials but also other crops, as they are grasses or fruits 

as well as more or less every  other organic residue. A lot of solid fuels can be directly fired in a 

combustion unit, producing heat in a first step which powers a thermodynamic cycle resp . an 

externally heated engine. Advanced combustion technologies make sure, that the relevant 

envi ronmental requirements concerning harmful emissions are fulfilled .  

Under certain circumstances, it may  be better to gasify the solid feedstock  at first and use  the 

product gas as a gaseous fuel. Gasification is possible via thermal processes, leading to pr oduct 

gases with a certain heating value due to a higher content of carbon monoxide or hydrocarbons, or 

even ï espec ially in case of wet feedstocks ï via anaer obic fermentation, leading to biogas with 

methane as the main energy source. Gaseous fuels can b e after cleaning directly used in gas turbines 
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and internal combustion engines . Liquid fuels, which are produced via chemical conversion for use 

as an energy so urce, e.g. biodiesel from rape seed or ethanol as a base material for the production 

of differen t other biofuels, are normally not used in stationary applications due to their high value 

as a fuel for motor vehicle resp. mobile applications. However a wide  spectrum of solid and liquid 

industrial residues ï black liquor, molasses, stillage, vinasse, s ugar compounds, and others ï are 

used for CHP.  

The role of biomass CHP in the EU is shown in  

Figure 2, which has been  prepared based on data of the actual AEBIOM Statistical Report  [127] .  

 

 

 

Figure 2 : fuels and biomass shares for CHP in EU28 (status 2014  [127] )  

As shown in  Figure 2 biomass contributed in 2014 to the CHP production in the Europen Union wi th 

27.3 Mtoe, which is 17.95 % of the total CHP production of 179.3 Mtoe.  

Applications range from very small appliances for domestic use , so called  ñmicro scale CHPsò in the 

range till 50  kW e via ñsmall scale CHPsò for larger buildings and local heating grids to ñmedium-ñ 

and ñlarge scale CHPsò for industrial sites or district heating grids. CHPs, driven with biomass only, 

range up to some 20 MW e. Bi omas s however contributes also in larger CHP s to co -generation with 

fossile fuels  ï mostly coal ï up to 500 MW e. D epending on the application different technologies are 

being used. Typical electric capacities for various applications are listed in  Table 1 together with the 

preferred technologies.  

Table 1 shows  also the differentiation of the terminology  in language usage between  ñmicro scaleò 

application till some 50 kW e, ñsmall scaleò applications from 50 to 1,000 kWe, and ñmedium-ñ and 

ñlarge scaleò applicationsò as shaded in Table 1. CHP plants, driven by biomass only, range up to 

some 30 MW e. Biomass however also contributes in la rger  CHP plants to co - firing with fo ssile fuels 

ï mainly  coal ï up to 3 00 M We.  
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Table 1 :  biomass CHP applications and preferred technologies in different power 
ranges  

terminology  power  

range  

typical  

application  

preferred  

technolog y  

micro scale  CHP 

0.01 - 0.5 kWel 
domestic appliances 

special appliances 
thermoelectric generators 

0.5 - 50 kWel 

single family houses 

semidetached houses 

small and medium 

enterprises 

farms 

micro steam engines 

micro ORC applications 

Stirling engines 

sma ll scale  CHP 50 kWel - 1 MWel 

multiple dwelling 

hotels 

local heating grids 

steam engines 

ORC applications 

thermal gasification or anaerobic 

fermentation with gas piston engines 

medium and 

large sc ale  CHP 

1 - 10 MWel 

hospitals 

commercial enterprises 

regional heating grids 

ORC plants (< 6 MWel) 

steam engines 

steam turbines 

10 - 30 MWel 
city heating grids 

industrial site 

steam turbines 

gas turbines 

30 - 300 MWel district heating grids 
steam turbines, co-firing with fossil 

fuels  

 

The subject study focuse s on small -  and micro scale CHP technol ogies as shown in the non -shaded 

section of Table 1.  

For the most relevant technol ogies  as the y are  steam engines, ORC applications, Stirling engines, 

and thermoelectric generators, the most  important technical parameters together with operat ional 

results and experiences as well as boundary conditions for application are described  and presented 

in form of f act sheets.  Technology developments in the last 10 years are summarized and further 

R&D needs are specified. For each technology also selec ted monitoring data are presented and 

discussed.  

Best practise reports on small scale CHP plants including 6 case studies with twin screw steam 

expander technology, as well as further 3 case studies with micro -expander technology  are 

presented. Possible op tization measures and recommendations for further applications have been 

derived.  

In the outlook section, recent  experiences with hot air turbines as a possible relevant small scale 

CHP technololgy in the  near future are described and a contribution of Jens Dall Bentzen , Dall 

Energy, Hørsholm, Denmark  concering the optimization of combutions plan ts in the viewpoint of 

small scale CHP has been included.  
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2  Status of biomass fired micro scale CHP 
technologies  

2.1  General information  

With small and m icro scale CHP it is possible  to achieve energy efficiency, by converting primary 

energy to heat and electricity in small scale applications like households or residential sector . Energy 

losses are minimized because  heat  losses at central electricity produ ction facilities and network 

losses in the electricity grid are avoided.  Micro -CHP products produce heat and electricity 

simultaneously based on a range of technologies  [27] . They can be cate gorized in three groups : 

external heat input (or external combustion) technologies, internally fired (or internal combustion) 

technologies and chemical conversion technologies (fuel cells).  

Although some micro -scale CHP technolo gies are primary used to con vert fossil fuels, like the 

Internal combustion engine (ICE) and micro gas turbine it is also possible to use every technology 

also for renewable energy resources. The use of solid renewable primary energy like wood, requires 

fu rther conversion technologie s like gasification, fermentation or reformation of biomass. Figure 3 

gives an overview of micro -scale CHP technologies up to 50 kW e.  

 

Figure 3 :  classification of Micro - scale CHP techno logies and investigated 
technologies of the present study (dashed line sector)  

The present study  focus following externally fired micro -scale CHP technologies in the power range 

up to 50  kW e: steam engine, organic Rankine cycle, Stirling engine and t hermoe lectric generator.  

The development of micro -CHP systems is in an early phase of commercialisation. In the residential 

sector, ele ctrical capacities are up to 5 kW e and heat capacity depending on technology up to 

20  kW th . In the SME & collective secto r, gas  engine syste ms of capacities from 5 to 50 kW e resp. 2,5 

to 250  kW th , are used, with over 10 0,000 systems already installed [27] .  

Micro-scaleCHP technologiesup to 50 kWe

SteamEngine > 0,3 kWe

Internal combustion engine (ICE)

> 0,3 kWe
OrganicRankineCycle > 1 kWe

Chemical conversion (Fuel cell)

> 0,3 kWe

Thermoelectric generator

0,01 ɀ0,5 kWe

Micro gas turbine

> 28 kWe

Stirling Engine > 0,6 kWe

externally fired gas turbine

> 50 kWe

External heat input technologies:  

require combustion of biomass  

Internally fired technologies:   

require  gasification , fermentation or 

reformation of biomass  
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A report , which has been developed in the frame of the CODE2 project  [75] , estimates  the potential 

for annual sold micro -CHP systems in the EU for residential applications (0.1  -  5 kW e) of about 

2,900, 000 and for SME and collective applications (5  -  50  kW e) of about 68, 000 units in 2030 . I t is 

assumed that a cost -competiti ve price would be around ú3,000 per kW e for a household system. 

However at this moment (201 8) the technology is still too  expensive for mass market introduction,  

approximately ú8,000. -  per kW e for Stirling/combustion engines and ú20,000. -  per kW e for fuel c ells  

[27] . In Figure 4 it can be seen that according the CODE2 micro -CHP potential and market analysis 

a price level of around ú3,000. -  per kW e (retail price ú4,000. -  per kW e) can be expected in 2025 

with around 25 0,000 units being sold per year  [27] . 

 

 

Figure 4 :  cumulative sales per manufacturer versus cost price development at 
15  % learning rate st arting with ú25.000 per kWe and lo w volumes of 10 
units per year [27]  

The electrical efficiency of a certain power plant can be defined as the electrical power output (P e) 

divided by the chemical energy stored within the fuel at the entrance of the power p lant, which can 

be obtained, in tu rn, multiplying the LHV of the fuel by the amount of fuel required for the generation 

of electricity [3] . 

–
ὖὑὡ
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The total efficiency includes the thermal output of CHP plants (Q th ). Thereby, it can be calculated 

as follows [3] :  



10  

 

–
ὖὑὡ ὗ ὑὡ

ὒὌὠ 
Ὧὐ
ὯὫ

άzὯὫȾί
 

Current efficiencies of selected technologies of biomass based micro CHP:  

Electrical efficiencies of micro -scale plants are between 13  % and 25  %  [3] ;  [85] ; [86] ;  

[87]  -  [92]  and total efficiencies between 60  % and 74  % [3] ; [89] ;  [91] . At micro -scale, 25 ï 30 

% is the current technological limit of biomass conv ersion to electricity efficiency [3] . Figure 5 

shows the e lectrical efficiencies of  biomass  conversion  technologies which have been reached in 

the different power ranges.  

 

 

Figure 5 : Electrical efficiencies of  biomass  conversion  technologies  [3]  

Table 2 gives an oveview about the range of the basic technical parameters of different micro scale 

CHP technologies driven by solid biomass together with the investment costs and the current statu s 

of development as publish ed in different papers.  
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Table 2 :  Overviev about micro scale CHP technologies driven by solid biomass  
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Steam Engine  > 0.3 -  60  70 -  95  10 -  25  3 ï 9.5  > 10 kW e: 

Commercialisation  

< 10 kW e: R&D  

[47],[6],[115],[116]  

Organic Rankine 

Cycle  

0.3 -  50  60 -  83  3.5 -  15  1 -  6 > 10 kW e: 

Commercialisation  

< 10 kW e: R&D  

[121],[20],[28],[124],[2],[

4],[31],[125],[105] ,[34]  

Stirling Engine  0.6 -  30  90 -  93  6 -  25  16 -  40  Demonstration  

First Systems are already 

available on market  

[18],[14],[7],[8],[9],[10],[

13],[11],[12],[77],[15]  

Thermoelectric 

Generator  

>  0.01 ï 0.25  91 -  92  1.3  

ï 2.5  

48  Research & Development  

First System are already 

available on market  

[126],[123],[55],[54]  

In the following chapters fact sheets, technology develpoments in the last 10 years, and selected 

monitoring data from practical or laboratory applications of micro steam engines , micro ORC 

applications, Stirling engines and ther moelectric generators are p resented and discussed . 

2.2  Steam e ngine s 

2.2.1  Fact sheet  

Deri ved from the well -known power plant technology, the steam power process has been developed 

also for the smallest power range. Using recip rocating engine as expansion machine allows the 

meaningfully downs ize of the steam process to a micro -CHP appliances with less than 50  kW e 

electrical power. Due to the external combustion and heat supply, a steam engine  allows the 

greatest possible flexibi lity in terms of fuel selection. Therefore a steam engine is parti cularly 

excellent suited for the use of (solid) biomass in combined heat and power generation applications.  

The steam piston engine works on the principle of the displacement engine and the principle of 

operation is the same as for conventional Rankine cyc le where an engine is used instead of the 

turbine. The working principle based on the use of steam produces electricity through thermal 

evaporation of pressurized water, steam expansion insi de a reciprocating engine and condensation 

of the exhaust steam  (Figure 6) . 
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Figure 6 : s team process  

The o perating principle of the steam piston engine  is shown in  Figure 7. The steam flows into the 

cylinder until the inlet is stopped by the control piston (picture a). The steam expands and forces 

the piston down  (picture b). In this process, the volume increases and the pressure decreases 

continuou sly. After reaching the bottom dead center the piston moves back to the top. The control 

piston opens the exhaust valve and the exhaust steam flows out of the cylinder (picture c). Then 

the process starts again  [44] .  

 

        

Figure 7 : o perating principle of the steam piston engine  [44]  

The mass forces of the reciprocating pistons limit the achievable running speed and performanc. 

The steam piston engine is a system which  is largely insensitive to fluctuating steam conditions 
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(temperature and volume flow) and can be operated with saturate d steam. The requirements for 

the feedwater treatment are relatively low. Fluctuations in steam quality, can be better processed 

by steam  engines than by steam turbines. Furthermore the steam piston process allows satisfactory 

efficiencies even in partial load operation. Further advantages of the steam piston engine are the 

robustness, a long life time and the modular design. The modulation  capability of steam engines is 

between 25  % and 100  % without significant loss of efficiency. Steam engines are well p roven 

technologies, with a high level of maturity  [3] .  The efficiency between steam engine and micro 

steam t urbines in the power range between 1 ï 50  kW e is compar able. The electrical efficiencies 

described in the literature range from 5 to 20 %  [1] ;  [4] ;  [41] . In the larger p ower range, the 

performance of steam turbines is better because a steam turbine is able to handle a higher level of 

superheating with a given pressure than a steam engine. Bac kground are technical limitations in 

the lubrication system of steam engines whic h complicate the use of advanced steam conditions. 

Furthermore the steam engine is extremely noisy and requires constant maintenance  [1] . 

2.2.2  Technology developments  in the last  10 years  

In addition to previous developments of biom ass- fired micro steam piston engines (BISON, 

SteamCell) which were stopped due to insolvencies, there are currently only very few 

manufacturers. The following are examples of past steam engine developments and current 

manufacturing companies.  

ƴ BISON  / Butto n Energy GmbH  

The development of a biomass - fired, steam -powered twin -piston engine of the Austrian company  

Button Energy GmbH was examined in the period between 2006 to 2013. In 2012 the company 

Button Energy presented a reference list of 14 appliances in the field. This Micro -CHP technology is 

an oscillating process steam -driven 2 -cylinder 2 -stroke steam engi ne. The special thing about the 

engine is that it has no rotating parts. The electric power of this system could be modulated between 

0.3 kW e and 2  kW e. After the second insolvency of the company in June 2013, the development 

work and market demonstration were stopped [39] .  

ƴ STEAMCell  / ENGINION AG  

The core product of this company was a wall mounted Zero Emission Micro Power  Unit (Zero 

Emission MPU). It was a rotary  piston steam engine for oil - free operation in the small power range 

[ 41] . The heat and electricity output of the rotary piston steam engine was modulating from 2 to 25 

kW th  and from 0. 5 to 6 kW e. According to Jürgen Freund, Enginion, the expected end user costs o f 

SteamCell were estimated at ú1,500. -  per kW e [43] . ENGINION AG field for insolvency in November 

2005 [42] . 

ƴ SPILLINGWE RKE GmbH   

The currently market a vailable biomass - fired steam piston engines for CHP plants are offered for 

example by the company SPILLINWERKE from a power range between 100 kW e ï 1,200 kW e. The 

Spilling engine is a modular piston expander. It is specially  designed for the use in small a nd 

medium -sized steam power plants primarily for combined heat and power supply  [40] . The focus of 

these steam engines is mainly on the use of solid biomass, such a s wood chips, waste wood or 

str aw. Biomass fired Spilling steam engines achieve electrical efficiencies between 5  % to 11  % 

within a corresponding load of 50  % to 100  %  [41] . 
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In the power range below 100 kW e, there are only a few research approaches for the use  of biomass -

fired steam engines, e.g.  

ƴ STEAMERGY GmbH & Co.KG / AROSS 3D GmbH  

More than five years ago, A ross 3D GmbH began researching and developing a new steam engine 

technology. From January 2015 to May 2015 the  company Aross 3D coordinated the Horiz on2020 

Project ñCHP -  Upscaling and commercialization of a highly efficient wood pellets fired steam engine  

CHP for heat and power generation ò. The aim of this project was the upscaling and commercialization 

of a developed CHP system comprising a highly ef ficient wood pellets fired steam engine. The CHP 

power output is 50  kW electrical and 175  kW thermal power with 20  % electrical efficiency and 90  

% overall efficiency based on wood pellets. The high electrical efficiency is achieved by high steam 

inlet tem perature and pressure of more than 500  °C and 100  bar. The achieved technology readiness 

level is TRL7  [46] . In March 2018, the developed steam engine chp system, named Steamergy was 

presented at the fair Energiesparmesse Wels  [75] .  

Table 3 lists the current steam engine developments concerning the development time period, 

electrical power, overall power, electrical efficiency, investment costs and thermal p ower.  

Table 3 : s team engine technology developments  
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Source and additional Info rmati on  

2018  20  -  60  ~90  ~25  ~ú3,000/kW e -  
ú3,500 /kW e 

60  -  180  n.a.  

manufacturer:  Steamergy GmbH & Co.KG; [47]  

published in 2010  > 0. 3 70 -  95  10 -  15   n.a.  n.a.  n.a.  

article:  Micro -CHP review: Heizung Lüftung Klimatechnik 1 -2/2010 [6]  

2017  10  70  10  $20,000 c urrent 
production cost s 

n.a.  n.a.  

manufacturer : T he VIP 10 -kW steam engine  [115]  VIPôs pilot power plants are currently on the 
ground in East Africa; Market trials of the new units will begin in  2016 in Kenya and Ghana  

2017  30  90  17  -  20   ú9.5/W e n.a.  n.a.  

manufacturer:  Green Steam & Neumot; V.E.P. Fördertechnik GmbH; Kalorisches  Kleinkraft werk 
Neumot; 2017: market ready [116]   

Figure 8 shows some pictures of selected technol ogy developments of different companies.  
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Figure 8 : pictures of selected technology developments of different companies  

 

2.2.3  Selected m onitoring data  

2.2.3.1  Investigation s of  a ro tary piston expander steam engine   

Within the R&D project ñBio Powerò, subsidized by the Austrian Research Promotion Agency (FFG)     

VIP 10 -kW e Steam engine, ASME [96]  

30 kW e Green Steam  [97]  
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[71] , the boiler manufacturer Solarfocus and the I nstitute of Thermal Engineering o f the Graz  

University of Technology developed a pellet fired micro -CHP for a capacity of up to 10  kW e and 

60  kW th  based on a Clausius -Rankine -Cycle (CRC) process and a newly rotary piston expander. The 

wet steam suitable and oil - free working rotary piston expander w as produced by the company EN3 

GmbH  [50] . 

ƴ Micro -CHP Engine:  rotary piston expander produce d by Fa. EN3 GmbH  

ƴ Boiler:    steam boiler 30 kW th  ï 60 kW th  (Solarfocus )  

ƴ Fuel:    pellets  

ƴ Process:   Clausius -Rankine -Cycle ; steam engine  

 

Figure  9 shows the mechanical power (coupling performance) as a function of the revolutions per 

minute at different steam inlet con ditions. The maximu m power of 4. 2 kW was at an inlet steam 

pressure of 11.9  bar and at 700 rpm. The performance of the steam expander rises with increasing 

revolutions per minute, increasing inlet steam pressure and/or increasing overheating of the steam 

temperature  [50] . 

 

 

Figure 9 :  m echanical p ower (P shaft ) versus revolutions per minute at different 
steam conditions  [50] :   
 -  Red triangles :   
 inlet pressure in the range of 11 bar   
 inlet temperature  in the range of 240 °C  

 -  Blue  dots :  
 inlet pressure in the range of 6  bar  
 inlet temperature in the range of 1 90  °C  
 -  Brown symbol:  
 inlet pressure 11.9 bar  
 inlet temperature 244 °C  

2.2.3.2  Investigation s of  a 2 - cylinder, double cycle steam engine  

The steam piston engine BISON was tested in 2009 b y the research institution BIOENERGY2020+.  

This novel steam engine was developed by the companies OTAG and Button Energy GmbH. The 

possible fuels for this system were  natural gas or wood pellets.  The working principle of th is system  

P
s
h

a
ft
 

[k
W

]
 

revolutions  [ rpm ]  
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was based on the Clausi us Rankine cycl e. By  the combustion of pellets, the boiler produces steam 

in a pipe -evaporator whereby the steam is expanded, alternating between the left and right 

operating cylinders. The alternating expansion of steam forces the piston to linearly move back and 

forth through the armature coil (swinging piston technology) thereby generating electricity. As a 

result of this expansion, the temperature and pressure of the vapour are decreased and some 

condensation may occur. The residual heat from the conden ser is used for  room and water heating. 

The produced direct current electricity can  be used to load batteries for stand alone applications or 

can be fed into the  grid using an AC/DC inverter. The working principle of the system is based on 

the Clausius Ran kine cycle and is shown in Figure 10  [49] .  

 

Figure 10 :  m icro - CHP system with steam piston engine  [111]  

The 2 -cylin der, double -cycle steam engine operates without rotating parts.  The technical 

specifications  of the steam piston engine are summarised in  Table 4 and a picture of the investigated  

unit is seen in  Figure 11  [49] . 

Table 4 : t echnical specifications of the steam piston engine  

Parameter  Value  

Nominal fuel heat i nput   18.5 kW  

Fuel heat input r ange  6 -  18.5 kW  

Electrical power output r ang e 0.3 -  2 kW e 

Process steam t emperature  350 °C  

Process steam p ressure   ~ 25 to 30 bar  

Condenser p ressure   0.3 bar  

Clausius Rankine e fficiency  ~ 30 %  

Electrical e fficiency   10.8 %  

Voltage   230 VAC, 50 Hz  

Fuel  wood pellets  
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Figure 11 : m icro - CHP system with steam piston engine  [49]  

The experimental results for the steam piston engine  are presented in Table 5. It was  found that an 

average electrical power o f 250 W e was  required to drive all of the auxiliary components for the 

operation of the micro -CHP system and the water circulation pump.  The average power s urplus was 

found to be 1 ,350  We and the measu red electrical  efficiency was 9. 3 %  [49] . 

Table 5 : t est results for the steam piston engine  [49]  

parameter  measured results of steam piston engine  

Electrical e fficiency  9.3 %  

Thermal e fficiency  85.6 %  

Total e fficiency  94.9 %  

Avg. power p roduction  1,600 W e 

Avg. power c onsumption   250 W e 

Avg. power s urplus  1,350 W e 

 












































































































































